Arbuscular mycorrhizal (AM) fungi are obligate biotrophs that acquire carbon (C) solely from host plants. AM fungi can proliferate hyphae in, and acquire nitrogen (N) from, organic matter. Although they can transfer some of that N to plants, we tested the hypothesis that organic matter is an important N source for the AM fungi themselves. We grew pairs of plants with and without the AM fungus Glomus hoi in microcosms that allowed only the fungus access to a 15 N/ 13 C-labeled organic patch; in some cases, one plant was shaded to reduce C supply to the fungus. The fungal hyphae proliferated vigorously in the patch, irrespective of shading, and increased plant growth and N content; ∼3% of plant N came from the patch. The extraradical mycelium of the fungus was N-rich (3-5% N) and up to 31% of fungal N came from the patch, confirming the hypothesis. The fungus acquired N as decomposition products, because hyphae were not 13 C-enriched. In a second experiment, hyphae of both G. hoi and Glomus mosseae that exploited an organic material patch were also better able to colonize a new host plant, demonstrating a fungal growth response. These findings show that AM fungi can obtain substantial amounts of N from decomposing organic materials and can enhance their fitness as a result. The large biomass and high N demand of AM fungi means that they represent a global N pool equivalent in magnitude to fine roots and play a substantial and hitherto overlooked role in the nitrogen cycle. nutrient capture | organic patches | stable isotopes | fitness
C-enriched. In a second experiment, hyphae of both G. hoi and Glomus mosseae that exploited an organic material patch were also better able to colonize a new host plant, demonstrating a fungal growth response. These findings show that AM fungi can obtain substantial amounts of N from decomposing organic materials and can enhance their fitness as a result. The large biomass and high N demand of AM fungi means that they represent a global N pool equivalent in magnitude to fine roots and play a substantial and hitherto overlooked role in the nitrogen cycle.
nutrient capture | organic patches | stable isotopes | fitness A rbuscular mycorrhizal (AM) symbioses, formed by fungi in the Glomeromycota with the majority of land plants (1) , are central to the phosphorus cycle: AM fungi (AMF) capture poorly mobile phosphate ions that would be otherwise unavailable to plants via an extensive hyphal network outside the nutrient depletion zone around the root (2) . However, they are held to play only a minor role in the N cycle, because they are obligate biotrophs lacking the saprotrophic capability needed to acquire N from organic sources and because both ammonium and especially nitrate ions are relatively mobile in soil, reducing the potential benefit to the plant of fungal-mediated uptake (3). Here we show that AMF proliferate preferentially in a patch of organic material and can acquire a third of their N from that source. We also show that, because AMF hyphae are N-rich in comparison with plants, they are likely to play a large but hitherto unconsidered role in the global N cycle.
Nitrogen is a limiting nutrient in many terrestrial ecosystems (4) . AMF can transfer inorganic N (NO 3 − or NH 4 + ) to their host plant (5) , but because these ions can readily move to the root via diffusion, it has been assumed that roots would not require mycorrhizal assistance to capture inorganic N, particularly because plants that form the AM symbiosis frequently occur in ecosystems with high nitrification rates (6) . However, N limitation can occur even in these ecosystems (7) and nitrate acquisition via AMF might offer an advantage to the host plant in highly competitive environments, as in the analogous case of root proliferation in patches of organic material (8) . Nevertheless, because most N in soils is in complex organic form and AMF possess no saprotrophic capability, their access to available N must be limited.
AMF can enhance decomposition of organic matter, although the mechanism is unknown, and can transfer N acquired from a patch of organic material to host plants in proportion to hyphal density in the patch (9) . AMF also have the ability to detect and respond to soluble organic compounds, which induce specific transcriptional responses in the external mycelium of Glomus intraradices but not in the intraradical mycelium or the asymbiotic phase (10) . These fungi can therefore detect decomposing patches of organic matter, proliferate hyphae in them, acquire inorganic N and transport it in the mycelium, apparently as arginine (5). Moreover, a plant ammonium transporter that is mycorrhiza-specific and preferentially activated in arbusculated cells has recently been discovered (11) , suggesting that N transfer to the plant may operate in a similar manner to P transfer.
Despite the accumulating evidence that AMF can capture N for plants, as they do P, it remains unknown whether N acquisition isas is the case for P -a central part of symbiotic function; if so, there should be a relationship between N transfer and C supply from the host. Alternatively, the strong response that the AMF show to organic N sources may reflect large fungal demand for N, in which case observed N transfer to the plant may be an incidental result of processes that have evolved to regulate C and P fluxes.
Whatever the role of N in symbiotic function, if AMF acquire substantial amounts of N from organic matter in soil, then they play a hitherto unsuspected but potentially major role in the N cycle, because they are among the most abundant soil microbes in many soils (3) . We therefore tested the hypothesis that an AMF acquires N from complex organic N sources in soil to meet its own metabolic demands, and independently of the amount of (i) carbon supplied by the host plant and (ii) inorganic N supplied to both the fungus and the host plant. Moreover, as AMF are known to proliferate extensively within organic patches (9, 12, 13 ), a second experiment tested whether this increase in hyphal growth enhanced fungal resource acquisition and hence made the AMF more aggressive colonizers of new host plants.
In both experiments, we used compartmented microcosm units. First (experiment A) we grew pairs of plants of Plantago lanceolata L. in two-compartment microcosm units. One (plant) compartment was further divided into two by a 0.25-mm stainless steel mesh to allow separation of the two root systems. A patch of organic material (1 g of oven-dried Lolium perenne L. leaves duallabeled with 15 N and 13 C) was added to the other (hyphal) compartment, which was separated from the planted compartments by a double layer of 20-μm mesh, permeable to hyphae but not roots. In 50 of the units (AM), 50 g of colonized root inoculum of the AMF (Glomus hoi) was added to each of the two plant com-partments; a further ten units (non-AM) received sterilized inoculum and unsterilized microbial filtrate of the inoculum to equalize starting microbial communities. All non-AM units were harvested at the end of the experiment.
To measure the impact of plant carbon supply to the fungus, we shaded some plants. In half of both AM and non-AM units, one of the two plants was enclosed in horticultural shading mesh, which reduced photosynthetically active radiation (PAR) flux to the shaded plant by 60% and to its unshaded neighbor by 29% (Fig.  S1A) . In contrast to the shaded plants, which grew more slowly, the 29% reduction in PAR to unshaded neighbors of shaded plants had no adverse effect: they had the same specific leaf area, dry weight (DW), N and C contents and concentrations, and C:N ratios as unshaded plants with unshaded neighbors. There were five replicates per treatment and the experiment ran for 63 d between 30 July and 1 October, 2006, in a heated, lit glasshouse. The mean temperature over the duration of experiment A was 17.5°C (SE ± 0.2). PAR flux was recorded weekly at noon at plant level for five randomly selected plants from the unshaded (U/U) treatment, and both the unshaded and shaded plants in the partial shaded treatment (U/S).
In the second experiment (experiment B) we used a microcosm unit with three compartments in series (Fig. S1B ). The two end compartments contained a single P. lanceolata plant and we added 100 g of either a colonized root inoculum of G. hoi or granular inoculum of G. mosseae (Biorhize) to one of these planted compartments. One plant was therefore inoculated, whereas the other became colonized by mycelial extension from that first host. In half the units a patch of 1.5 g of the same organic material as in experiment A was added to the middle (hyphal) compartment. The middle compartment was separated from each of the two planted compartments by a double layer of 20-μm mesh, permeable to hyphae but not roots. The other half of the units contained only the background sand:TerraGreen medium. To measure the impact of N supply to the host plants on fungal exploitation of an organic patch, both plants in half the units received a 50-mL high N (2.1 mg N) feed twice weekly, whereas the other half were fed with low N (0.21 mg N) nutrient solution. There were four replicates per treatment and the experiment ran for 120 d after patch addition.
Results and Discussion
AM hyphae grew prolifically in the organic patch. In both experiments hyphae of G. hoi reached a density of ca. 20 m g −1 patch DW by the end of the experimental period ( Fig. 1 A and B) , much higher than hyphal length densities commonly reported in soil (9, 14 but see ref. 15 ) but comparable to some other artificial systems (16) . Hyphal densities of G. mosseae in the patch were lower but still enhanced at all harvests (experiment B , Fig. 1B) ; overall hyphal length densities were three times higher (Z = −5.478, P < 0.001) in the patch (6.61 ± 0.92 m g −1 DW) compared with the equivalent area in units without an organic patch (2.14 ± 0.34 m g −1 DW). G. hoi produced greater (Z = −5.733, P < 0.001) hyphal length densities than G. mosseae in this compartment (7.29 ± 0.92 m g −1 DW G. hoi vs. 1.54 ± 0.19 m g −1 DW G. mosseae). In contrast, low N supply in the plant compartment increased hyphal length density of G. hoi in the patch compartment only at days 30 and 120 and of G. mosseae only at day 120 (Fig. 1C) .
The growth medium in both experiments was a sand:TerraGreen mixture with a restricted microbial community and few saprotrophs: there were almost no fungal hyphae in the patch in the non-AM treatments (experiment A). The extensive hyphal proliferation in the organic patches, particularly for G. hoi, is remarkable for fungi with no saprotrophic ability (3) and raises the question as to what benefit the fungus received from growth in the patch. It was also surprising that hyphal proliferation did not differ at any time between unshaded and shaded treatments ( Fig. 1A) : because AMF are obligate biotrophs, we expected that reducing the C supply from one of the plants would restrict hyphal proliferation. One explanation would be that the fungus was acquiring a limiting resource-presumably N-from the decomposing patch and using it for its own growth.
Shading did not affect hyphal growth. If that were because the unshaded neighbor was supporting the fungus and compensating for the reduction in C supply, then unshaded plants next to a shaded neighbor would have had reduced biomass, C content or concentration, or an increased proportion of root length colonized compared with plants in units with no shading applied. None of these results were found: there were no significant differences between the unshaded plants in the two shading treatments in any parameter measured. The shaded plants, however, did have reduced root length colonized and arbuscule frequency . At all harvests the hyphal length densities were higher in the presence of an organic patch in both AMF species (not shown on graph for clarity). In contrast, N level only influenced hyphal length density of G. hoi at days 30 and 120 and at day 120 for G. mosseae when hyphal length densities were higher under low N as indicated by the different letters on the graph. For B and C values are means ± SE (n = 8 except for at day 30 in the G. hoi no patch and low N treatments when n = 7).
compared with the unshaded plants (Table S1 ). Thus, even though shaded plants had reduced colonization, with no accompanying increase in colonization of their unshaded neighbor, the ability of the AMF to proliferate in the organic material was undiminished (Fig. 1A) , a finding consistent with the sustained C supply to G. intraradices observed by Olsson et al. (17) even when its host Trifolium subterraneum was shaded. The presence of an organic patch also made AMF more aggressive colonizers of roots both of their existing plant partner and of new potential hosts (experiment B), increasing both root length colonization and arbuscule frequency in inoculated plants (P+AMF) at all harvests except the last (Fig. 2 A and B) . N level had no such effect. G. mosseae colonized roots more rapidly than G. hoi but after day 30 there were no differences in colonization between the two fungi.
For the plants initially without AMF inoculum (P-AMF), the presence of an organic patch increased root length colonized at days 55 and 90 and arbuscule frequency at days 90 and 120 ( Fig.  2 A and B) . Increased N supply reduced the percentage of root length colonization (RLC) from day 90 (Fig. 2C) . Increased colonization when N is limiting has previously been shown (18, 19) and may interact with phosphate availability (18, 20) . In contrast to the P+AMF plants, G. hoi colonized the roots more rapidly (days 30 and 55) but G. mosseae colonized the roots to a greater extent thereafter (90 and 120 d; Fig. S2) .
The external mycelium, especially that of G. hoi, was N-rich (Tables S2 and S3 ). In experiment B, N concentration was higher in G. hoi than in G. mosseae mycelium (5.2 ± 0.1%N G. hoi v 3.2 ± 0.1%N G. mosseae) and similar to that in experiment A (5.3 ± 0.1%). In contrast, plant shoots generally had low N concentrations (< 1% N) similar to those of field-grown plants (21) . The hyphae were also more 15 N enriched than the plant material. Assuming that capture of 14 N from the patch was proportional to the amount of 15 N capture in fungal tissue and to the 15 N: 14 N ratio in the patch, nearly a third (31.2 ± 4.2%) of the total N detected in the AMF hyphae came from the organic patch, irrespective of shading treatment in experiment A. The contribution of patch N to total AMF N was lower in experiment B, 16.5 ± 0.9% for G. mosseae and 12.0 ± 0.7% for G. hoi, possibly because the greater soil volume for the fungi may have increased nonpatch N availability and diluted patch N in the AMF tissue. These values are high compared with those reported for plant root N capture from comparable organic material sources, where 10% is common (22) . Our data demonstrate both that these fungi have a high N demand and that the organic patch was an important source of N.
The other sources of N in the system were the same for fungus and plant (i.e., bonemeal and inorganic N). Although the inorganic N added to the plant compartment was readily available to the fungus, AM hyphae grew preferentially into the patch compartment in both experiments: hyphal densities in the unshaded planted compartments at day 63 were only 3.8 m g −1 DW in experiment A (compare with Fig. 1 ). Moreover, this increase in hyphal growth in the organic patch made the AMF more rapid colonizers of a second host plant.
Proliferation in the patch increased N capture by the symbiosis: the percentage of total fungal N derived from the patch increased with hyphal length density in the patch (Fig. 3 A and  B) . Moreover, the ability of the fungus to incorporate N from the organic material into its own tissue was unaffected by shading (Fig. 3A) as was total hyphal N concentration (P = 0.280). There was also a positive relationship between the percentage of total fungal N derived from the patch and hyphal length density in the patch for G. mosseae (but not for G. hoi; Fig. 3C ) in experiment B, which was unaffected by N supply to the planted compartments (Fig. 3B ). These data demonstrate that the patch was an important N source for the AMF and that neither shading nor N supply to the planted compartments altered this dependence.
The total amount of patch N captured by the two plants together in both experiments was related to the hyphal proliferation within the organic patch zone (Fig. S3) , supporting previous findings (9). The earlier study examined root and shoot N content; here we use shoot N only because that must represent transfer from the AMF, whereas N detected in the colonized root material may still be held in AMF tissue. The amount of N transferred was unrelated to either shading or N supply (Fig. S3 A-C) .
Despite the relationship between AM hyphal proliferation and patch N capture by the plant overall, the benefit of being mycorrhizal differed between the two experiments. In experiment A, colonization by G. hoi increased shoot growth and both root and shoot N content of the unshaded plants (Tables S4 and S5) plants, showing that diffusion of decomposition products from the patch to the roots was not an important N capture pathway.
In experiment B, plants provided with AM inoculum had significantly lower biomass and shoot N contents than the plants that became colonized during the experiment (Tables S6 and S7 ) presumably due to the additional cost of having to establish the AMF partner at the start of the experiment. The presence of an organic patch did not increase either plant biomass or total N content in experiment B (Table S6) . However, inoculated plants had more N from the patch in their shoots than the plants that became colonized (i.e., 0.94 ± 0.10 vs. 0.53 ± 0.05 mg patch N) irrespective of N treatment. The amount of patch N in the shoot for both plants was the same with both AMF species. After 120 d nearly 4% of the N in the shoots and 5% of N in the roots of plants grown under low N came from the organic patch. In contrast, only 2% in the shoots and 4% in the roots came from the patch under high N. This difference arose because of the extra N acquired by the plants from the nutrient solution: the total amount of patch N in the plant material did not differ between N treatments.
Reynolds et al. (23) have suggested that AM symbiosis is not an important plant N capture mechanism because too little N is transferred to the plant to satisfy plant demand. However, we found that AM colonization did significantly increase both biomass and the amount of N acquired by the plants from both the organic patch and other sources of N, compared with non-AM controls in experiment A (Tables S4 and S5 ). The increased N content appears to have been a direct result of access by the fungus to a new N source, rather than a result of increased plant growth driven by greater mycorrhizal P uptake (23) . Increasing N or P supply can reduce AM colonization (18, 24) ; whether mycorrhizal colonization is affected by N supply may depend on whether the N is first acquired by fungus or plant: application of N to the roots decreased carbon allocation to the mycorrhizal mycelium more than when N was supplied to the external mycelium (25) .
Irrespective of its role in transferring N to the plant, our results reveal organic material as an important source of N for the AMF. Indeed, most of the N captured by the symbiosis in this study remained in the fungus: extraradical hyphae of both AMF, but especially G. hoi, are shown here to be N-rich and to acquire a large proportion of their N from the organic material. In contrast, plants acquired only ∼3% of their N from the patch via the fungus, compared with >10% when roots alone had access to similar patches of organic matter (22) . An unknown fraction of the "root" N will be in the internal mycelium of the fungus, but because shoots were also enriched with 15 N, some N was transferred from fungus to plant. Surprisingly, shading did not restrict the amount of N that plants obtained from the patch (Tables S4 and S5 ).
These findings suggest that the fungus was using the organic patch as a principal source of N for its own metabolism and growth. Little attention has been given to the sources of N for the growth of AMF mycelia. The reduction in AM colonization associated with high N availability (23) and the lack of impact of mycorrhizal colonization on plant N capture when both fungus and roots have access to the N (14, 22) must be viewed in the light of the effective N capture strategy of the fungus and its high N concentration (3-5% vs. <1% in the plant shoots).
We have shown in two experiments under contrasting experimental conditions that AMF used N from organic material to stimulate their own growth and acquired a large proportion of that N to meet their own nutritional demands. It is surprising that biotrophic fungi should so effectively exploit an organic N source. Although some N was transferred to the plants, the one that supported the fungus the most (as measured by colonization) was not the main recipient (experiment A). Further, the patch N transferred to the plant shoots did not alter with the N supplied to the host plant (experiment B). C is not therefore directly exchanged for N in the AM symbiosis, as proposed for ectomycorrhizal fungi (26) . Because no 13 C enrichment was detected in fungal or plant tissues, the fungus cannot be transferring simple organic N forms intact and mineralization must occur before N transfer. Govindarajulu et al. (5) suggested that transfers of N and phosphate may be linked but did not propose a site for the transfer, although a plant ammonium transporter that is mycorrhizal specific is preferentially activated in arbusculated cells (11) . These findings are consistent with a model of N/C exchange similar to that proposed for P/C exchange (27) .
Although our microcosms were artificial and the grass leaves used as organic matter were less complex than much soil organic matter, our results suggest that AMF can acquire substantial quantities of N from organic sources and may play a previously unappreciated role in the nitrogen cycle, intercepting inorganic N released from decomposing organic matter before roots can acquire it and passing some of it on to plants. Evidence both from our experiments and from the literature shows that this role may be quantitatively important. Measurements of AMF biomass vary widely, but the global total of the intraradical mycelium (IRM) biomass has been estimated as 1.4 Pg dry weight (28), whereas the biomass of extraradical mycelium (ERM) may be even greater (up to 10 times that of the IRM) (29). Jackson et al. (30) estimated global live fine root biomass as 40.8 Pg; discounting boreal, tundra and cultivated systems, in none of which are AMF abundant, live fine root biomass in AM-dominated systems may therefore be ∼34 Pg (30), of which 1.4 Pg (i.e., 4%) would be AMF biomass. At a conservative estimate, ERM biomass will be at least equal to the IRM and total AMF biomass therefore around 3 Pg, or 7% of global fine root biomass. This figure may well be an underestimate because AMF appear typically to account for 5-10% of total photosynthetic C fixation (31) and up to 20% of root C flux.
AMF hyphae in these experiments were shown to be N-rich, in common with other fungal mycelia: ERM hyphae had 4-7 times the N concentration of the plant shoots, and therefore probably at least 10 times that of the roots. This high N concentration may explain the observation that AMF acquire significant amounts of N from the soil for their own growth and do not transfer it to the plant in the same proportion as phosphate. The high biomass (at least 7% of global fine root biomass) and N concentration (10× that in roots) of AMF mycelia suggests that the global AM fungal N pool may be at least 70% (i.e., 10 × 7%) of that in the root pool, which was estimated by Jackson et al. to be 0.48 Pg (30) . This figure is confirmed by an estimate of the N content of roots and hyphae in the shading experiment. If the sample taken was representative of AM hyphal density within the patch compartment, the total N content of the hyphae in the patch compartment alone was 8.0 mg, whereas that in the roots was 9.8 mg, in both cases averaged across treatments. In other words, total hyphal N content in just one compartment and ignoring the intraradical mycelium, was 82% of that in the roots. Root and AMF N pools appear therefore to be comparable in magnitude.
AMF have no known saprotrophic capability (3) and are assumed to acquire N from inorganic sources. However, the data in this paper show that AMF acquire N from decomposing organic matter and use this N principally for their own growth and metabolism, which would place them in competition with host plants. The N pool in AMF mycelia is similar in magnitude to that in roots and probably turns over rapidly (32) . Given their ubiquity, we believe that AMF play an unappreciated role in N cycling and that these findings have implications for global N cycling models.
Materials and Methods
Microcosms. Microcosm units were constructed by joining two (experiment A) or three (experiment B) plastic containers (each 13.5 × 14 × 14 cm 3 ) via a double-mesh (20-μm mesh) barrier through which hyphae, but not plant roots, could grow. In experiment A, one of the compartments (plant compartment) was further divided into two by a stainless steel mesh (0.25-mm mesh size) inserted into a Perspex sheet to separate the root systems of the two P. lanceolata L. plants grown. In experiment B, the two end compartments were each planted with one P. lanceolata seedling. In experiment A, 60 (50 AM and 10 non-AM) microcosm units were established, whereas in experiment B 64 (32 G. hoi and 32 G. mosseae) units were established. The plant compartments were filled with 1.8 kg mixture (1:1 vol/vol) of quartz sand and TerraGreen (a calcined attapulgite clay soil conditioner, OilDri), 100 g of the AM inoculum, and 0.3 g L −1 bonemeal (as a slow-release nitrogen and phosphorus source). In experiment A, the mixture was split evenly between the divided sections of the plant compartment. The non-AM plants in experiment A were set-up as above but received a sterilized AM inoculum (121°C; 30 min) and a microbial filtrate to equalize starting microbial communities (33) . In experiment B, the second planted compartment was also set-up as above but received no AM inoculum. The AM inoculum was G. hoi (isolate no. UY 110) added as colonized roots of P. lanceolata in a sand and TerraGreen growth medium (experiment A and B) or G. mosseae (Biorhize) added as a granular inoculum (experiment B only).
In experiment A, in half the microcosm units both plants were unshaded (U/U), but in the other half one of the two plants was shaded (U/S). To create shading, green Rokelene (East Riding Horticulture) mesh was suspended from looped metal rods (1 m × 1.6 mm). Shading commenced at the time of organic patch addition.
The second (or middle compartment in experiment B) compartment (patch) was filled with 1.8 kg mixture (1:1 vol/vol) of quartz sand and TerraGreen and 0.3 g L −1 bonemeal. This growth medium, commonly used in AM research, was chosen to enable extraction of clean AMF hyphae at the end of the experimental period. A section of PVC pipe (length 15 cm, i.d. 6.5 cm) was placed centrally within the patch compartment to a depth of 6 cm from the top of the microcosm unit to enable placement of organic material once the seedlings had developed and to keep disturbance of the unit to a minimum. In experiment A seeds of P. lanceolata were sown into the plant compartments on 2 July 2006. After a further 28 d, the organic material patches were added and the shading treatment installed. The experiment was set up in a randomized block design in a heated, lit glasshouse and ran for 63 d between 30 July and 1 October 2006. Microcosm units with AM plants were destructively harvested at days 5, 21, 35, 49, and 63 following patch addition and start of shading. There were five replicate microcosms for each of the U/U and U/S treatments at each harvest. At the final harvest (day 63) the 10 units containing nonmycorrhizal plants (five U/U and five U/S), were also destructively harvested to determine the difference between the fungal contribution to N acquired from the patch and that acquired simply by diffusion processes. All compartments of the microcosm units were watered daily. Each plant received 50 mL of a low phosphorus, low nitrogen (0. AM Hyphal Extraction. Extraradical AM hyphae were carefully collected by picking the hyphae between the mesh window and the patch boundary in the patch compartment of the microcosm unit with fine forceps under 100× magnification. Contamination of hyphal material by patch material, which would have invalidated stable isotope analyses can be ruled out because of the procedure adopted: hyphae were extracted near the mesh window and outside the patch boundary, carefully washed several times in deionized water and checked microscopically before analysis. The hyphae extracted had a clear translucent appearance, septa were largely absent or infrequent and spores were still attached in many cases. We have previously observed that AMF tend to sporulate in such organic patches. Once enough hyphae were collected the hyphal material was dried until a constant weight in predried and preweighed tin capsules ready for mass spectrometry analysis. The absence of 13 C enrichment in hyphal and plant tissue confirms that the extraction procedure was effective and that no contamination had occurred.
Analyses. A subsample of root material was used for mycorrhizal assessment as in ref. 36 but excluding phenol. AMF hyphal length was measured using a modified membrane filter technique (37) . Shoot, root, and hyphal samples were dried (70°C, 48 h) and plant material milled in a ball mill to a fine powder for mass-spectrometric analysis performed on a continuous flow isotope ratio mass spectrometer (CF-IRMS). Data presented are for 13 C and 15 N in excess of the natural abundances of 15 N and 13 C.
For statistical analysis data were checked and transformed appropriately to normalize skewed distributions before statistical analysis. KolmogorovSmirnov and Levene tests were used to test for normality and homogeneity of variances. For experiment A, data are both unshaded plants in the units added together and divided by 2 and the unshaded plants in the partially shaded treatments (Tables S4 and S5) .
Although the PAR received by the unshaded plants in the U/S treatment was ca. 71% that received by unshaded plants in the U/U treatment, there were no significant differences between unshaded plants in either the U/U or U/S treatments that indicated that growing next to a shaded plant had little effect on the unshaded neighbor in this study. For the percent root length colonized and arbuscule frequency data, differences as a result of shading were tested by the following:
ðU-SÞ v ðU-UÞ where U-S represents the difference between unshaded and shaded plants grown together (U/S treatment), and U-U that between two unshaded plants grown together (U/U). To calculate, U-U, the unshaded plant grown at the same side of the microcosm unit as those in the shaded treatment was subtracted from the other unshaded plant. The difference data for each treatment were tested to determine if they differed significantly from zero using t-Tests. U-U values did not differ significantly from zero that indicates that there was no environmental gradient in the glasshouse that might have created a spurious difference in the U-S comparisons. In contrast, the U-S % RLC and % arbuscules data did differ significantly from zero showing in both cases the shaded plant had reduced mycorrhizal parameters than the unshaded plants (Table S1 ).
